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Expression of Glial Fibrillary Acidic Protein in the CNS
and PNS of Murine Globoid Cell Leukodystrophy,
the Twitcher
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The expression of glial fibrillary acidic protein (GFAP)
was found to be markedly enhanced immunohistochem-
ically and biochemically both in the central (CNS) and
peripheral (PNS) nervous systems of the twitcher mu-
tant, an authentic murine model ofhuman globoid cell
leukodystrophy. The astrocytes in the CNS, the unmye-
linated Schwann cells in the sciatic nerve, and the satel-
lite cells in the trigeminal ganglion stained heavily with
anti-GFAP antiserum. These changes in GFAP expres-
sion occurred shortly before the initiation ofdemyelina-
tion and coincided chronologically and topographically
with infiltration ofmacrophages, suggesting that the same
GLIAL FIBRILLARY ACIDIC PROTEIN (GFAP) is
the major constituent of the intermediate filaments of
the astrocyte in the central nervous system (CNS) and
has been used as a marker for the cell. 1-3 Increased ex-
pression of GFAP by astrocytes is well recognized in
pathologic conditions affecting human CNS2'4-6 and un-
der experimental conditions, such as stab-wound,7-9
cold injury,10 experimental allergic encephalomyelitis
(EAE),""l2 and in mutant mice with myelin dis-
orders.'3"6 In addition, recent investigations revealed
presence of GFAP in other CNS cell types,'7-20 in the
peripheral nervous system (PNS),21-25 and even in non-
neural tissues.26-28
In this report we describe chronologic alterations of
GFAP expression in the CNS and PNS of the twitcher
mouse, an authentic genetic murine model of human
globoid cell leukodystrophy (GLD).29'30 The disease is
caused by a deficiency of galactosylceramidase activ-
ity, inherited as an autosomal recessive trait.3' Homozy-
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or closely related factors trigger the infiltration of mac-
rophages and activate expression of GFAP. Cytoskeletal
protein preparations showed increases in GFAP as well
as in vimentin in the brainstem, spinal cord, and sciatic
nerve. These results demonstrate that at least two types
of peripheral glia (the unmyelinated Schwann cell and
the satellite cell), in addition to the astrocyte, respond
to some pathologic stimuli with an increased expression
ofGFAP. However, two other GFAP-positive structures,
the Bergmann and radial glia, showed no significant
changes in their immunostaining. (Am J Pathol 1986,
125:227-243)
gous mice (twitcher) develop neurologic symptoms,
such as generalized tremulousness, around 20 days af-
ter birth and rarely survive beyond 40 days. Severe
demyelination both in the CNS and PNS associated
with astrocytic gliosis and infiltration of macrophages
(globoid cells) are the main neuropathologic features.
Materials and Methods
Mice of the C57BL/6-twi stock were obtained from
the Jackson Laboratory (Bar Harbor, Me) and main-
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tained by brother-sister mating of known heterozygotes
in our institution. Identification of the genetic status
was carried out by the galactosylceramidase assay on
clipped tail.32 For immunohistochemistry 3 each of
homozygous and 2 each of normal littermate mice were
studied at 10, 15, 20, 25, 30, and 40 days of age. For
immunoelectronmicroscopy, an additional 2 twitchers
and 2 normal littermates were included for 40 and 44
days, respectively.
Antisera
Three polyclonal antisera raised in rabbits were used.
The antiserum raised against the major 49-kd protein
from human brain was a gift from Dr. S.-H. Yen.2" The
antiserum against a GFAP preparation from human
multiple sclerosis plaques3 and the one against a GFAP
preparation from bovine spinal cord were gifts from
Dr. L. F. Eng.34 For immunohistochemistry all sections
were stained with the anti-49-kd protein antibody. All
sections of 10- and 40-day animals and some represen-
tative sections from other age groups were stained with
the other two antibodies. For immunoelectronmicros-
copy, the antiserum against GFAP from human multi-
ple sclerosis plaques was used.
Immunohistochemistry
The animals were sacrificed by intracardiac perfusion
with cold physiologic saline under anesthesia. Tissues
were immediately dissected and frozen in a dry ice-ace-
tone bath. The tissues used were the cerebrum at the
level of the optic chiasm, the cerebellum, the medulla
oblongata, the cervical spinal cord, the trigeminal gan-
glion, and the sciatic nerve. Sections were cut 10 t thick
with the cryostat. The cerebrum, cerebellum, medulla,
and cervical spinal cord were sectioned coronally; and
the trigeminal ganglion and sciatic nerve, longitudinally.
Additional transverse sections of sciatic nerves were cut
5 p thick. The sections were mounted on glass slides
and air-dried for 20-60 minutes before immuno-
histochemical staining.
For the staining, the avidin-biotin-peroxidase com-
plex method was used.35 Sections were fixed in 4%o
paraformaldehyde for 10 minutes and treated with 0.30%
hydrogen peroxide in methanol for 30 minutes in order
to block endogenous peroxidase activity. After prein-
cubation in 3% normal goat serum for 20 minutes, the
anti-GFAP antisera, diluted 1:1000 in phosphate-buf-
fered saline (PBS), pH 7.4, containing 1% normal goat
serum, was applied for 60 minutes. Normal rabbit se-
rum at the same dilution was used as the control. The
sections were then incubated sequentially in biotinylated
anti-rabbit IgG (Vector Laboratories, Burlingame,
Calif), diluted 1:200, for 45 minutes, in avidin-bio-
tin-peroxidase complex (Vector Laboratories, Burlin-
game, Calif) for 60 minutes, and in 0.05% diaminoben-
zidine (DAB) in 0.1 M Tris-HCl buffer, pH 7.6,
containing 0.01% hydrogen peroxide for 8 minutes.
Slides were rinsed with PBS before each step. The sec-
tions were dehydrated and mounted with Permount with
or without hematoxylin counterstaining.
Immunoelectron Microscopy
Sections were stained with the peroxidase-antiperox-
idase (PAP) method.36 One pair of mice, a twitcher and
a normal mouse, were perfused with 1% paraformalde-
hyde + 0.01% glutaraldehyde in 0.1 M phosphate buffer
(PB), pH 7.4; and the other pair, with 0.5%0o parafor-
maldehyde + 0.002% glutaraldehyde in 0.1 M PB for
10 minutes. Sciatic nerves were dissected and fixed fur-
ther with the same respective solutions for 2 hours. Af-
ter an overnight rinse and gentle teasing of one end,
they were incubated sequentially in 0.25%To Triton-X100
in PBS for 30 minutes, in 10% normal goat serum for
30 minutes, in 1:1000 anti-GFAP for 24 hours, in 1:50
goat anti-rabbit IgG for 30 minutes, in 1:100 rabbit
PAP for 60 minutes, and in the same DAB solution
as for the immunohistochemistry for 15 minutes. Nor-
mal rabbit serum (1:1000 dilution) served as the con-
trol. Each antiserum and control serum contained 0.1%
Triton-X100. Then the tissues were fixed with 2%o
osmium tetroxide for 30 minutes and processed for
electron microscopy with the conventional method.
Ultrathin sections were examined with or without ura-
nyl acetate staining.
Biochemical Analysis
Triton-insoluble filaments from the brainstem, spi-
nal cord, and sciatic nerves were prepared according
to Chiu et al,3' dissolved in 400 gl of 107o sodium dodecyl
sulfate, and analyzed by gel electrophoresis as described
by Chiu et al.38 Gels were stained with Coomassie blue,
destained, and scanned at 560 nm. Within any one sam-
ple, the relative ratios of the major filament proteins
of GFAP, vimentin, and the neurofilament 70-kd
(NF70) subunit were estimated from the peak areas by
weight of paper.12
Immunoblots were performed according to Towbin
et al.39 under the conditions described by Chiu and
Goldman.40 A polyclonal anti-GFAP serum, which was
also used for immunohistochemistry, was raised against
GFAP from bovine spinal cord. A monoclonal anti-
GFAP serum was purchased from Boehringer-Mann-
heim, Inc. (Indianapolis, Ind). The dilutions of antisera
are described in the appropriate legends to the Figures.
Purified GFAP, used as the standard in immunoblots,
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Figure 1 -GFAP immunohistochemical staining of the cerebral cortex and corpus callosum in normal (a) and twitcher (b) mice at 40 days of age. In
the normal mouse many GFAP-positive astrocytes are seen in the corpus callosum, but they are rare in the cortical plate. Inset (a)-Higher magnifi-
cation of the area indicated by asterisk. Note the fine processes of astrocytes (arrows) in the cortical plate. In the twitcher numerous astrocytes are
seen over the entire cortex. Inset (b)-Higher magnification of the area indicated by the asterisk showing typical stellate-shaped astrocytes with thick
processes. (No counterstain, x 45; Insets, hematoxylin counterstain, x 400)





230 KOBAYASHI ET AL
was prepared from filaments of mouse spinal cords and
harvested as the void volume peak in a FPLC-mono
Q column (Pharmacia, Inc., Piscataway, NJ) accord-
ing to Chiu and Sacchi.41
Results
Immunohistochemistry
Although the three anti-GFAP antisera appeared to
have different titers, the one against the preparation
from multiple sclerosis plaques showing most intense
staining, qualitatively they gave essentially the same
staining patterns. Therefore, the following description




In the cerebrum, astrocytes were clearly recognized
by anti-GFAP at any age studied. There were many
GFAP-positive astrocytes in the cerebral white matter,
including the corpus callosum, anterior commissure,
optic chiasm, and the fiber bundles in the striatum (Fig-
ure la). In these regions, long astrocytic processes were
mainly oriented in parallel to the nerve fibers. In the
cerebral cortex the number of GFAP-positive astrocytes
varied in the different cortical layers (Figure la). In the
molecular layer, there were considerable numbers of as-
trocytes, some of which were connected with the sub-
pial glia limitans. In the cortical plate, GFAP-positive
astrocytes were very few, and the processes were usu-
ally very fine (Figure la, inset). In the deeper cortical
layer especially adjacent to the corpus callosum, there
were some stellate-shaped astrocytes. The number and
the staining pattern of positive astrocytes in the cere-
bral cortex did not change greatly with age. Glia limi-
tans, subpial or perivascular, also stained clearly. While
the staining of glia limitans was somewhat weak or dis-
continuous at 10 days, they were well developed by 15
days. There were some GFAP-positive fibers radiating
from near the corpus callosum to the cortical surface.
These fibers were rather prominent at Day 10, but
regressed thereafter. However, a small number of fibers
running in short distances were still recognized in the
deeper cortex even after Day 30.
In the cerebellum, Bergmann glial fibers in the
molecular layer and astrocytes in the granular layer and
the white matter stained clearly (Figure 2a). Staining
of the cerebellum appeared more intense in 10-day-old
Figure 2-GFAP immunohistochemical staining of the cerebellum in normal (a) and twitcher (b) mice at 40 days of age. Bergmann fibers in the molecular
layer (M) and astrocytes in the granular layer (G) and white matter (W) are stained. In the twitcher, staining of the astrocytes is more intense, but Berg-
mann fibers reveal no significant differences from those in the normal mice. (No counterstain, x 128)
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Figure 3-GFAP immunohistochemical staining of the dorsal finiculus of cervical spinal cord in normal (a) and twitcher (b) mice at 40 days of age. Many
longitudinally oriented astrocytic processes are seen as dots in these cross sections. Astrocytic cell bodies and their processes are more intensely stained
in the twitcher. (No counterstain, x 128)
animals, because Bergmann fibers and astrocytic pro-
cesses were more densely packed than in older animals.
At this age, the Bergmann fibers also showed some tor-
tuousness and irregularity in thickness. The Bergmann
fibers became more widely spaced and less tortuous af-
ter 15 or 20 days of age.
In the white matter of the cervical spinal cord, espe-
cially in the anterior and lateral funiculi, an interwoven
pattern was made by astrocytic processes oriented in
both longitudinal and transverse directions. In the dor-
sal funiculus, longitudinal processes were dominant, but
some GFAP-positive long processes were noted along
the dorsolateral border of the cuneate fascicle (Figure
3a). In 10-day-old animals astrocytic processes were
thick and short, and the interwoven pattern was still
poorly defined. After 15 or 20 days they showed a regu-
lar and mature pattern seen in adult animals. The gray
matter contained some GFAP-positive astrocytes. Mor-
phologically, the cells were similar to those in the cere-
bral cortex, and the number of positive cells in the cer-
vical spinal cord appeared to be slightly larger than that
in the cerebral cortical plate at any age.
PNS
In the sciatic nerve of 10- and 15-day-old animals,
there were a few, faintly stained cells. The number and
staining intensity of these cells gradually increased with
age until 25 or 30 days. In longitudinal sections these
cells had an oval or elliptical nuclei and elongated or
spindle-shaped cytoplasm (Figure 4a). Some of these
cells were lined up to form long cellular chains. In trans-
verse sections these cells were scattered in the entire
nerve fascicles (Figure 5a). At higher manification,
GFAP-positive cells were shown to be not associated
with myelinated axons.
In the trigeminal ganglion of 40-day-old animals, rare
GFAP-positive satellite cells were observed around gan-
glion cells (Figure 6a). However, no GFAP-positive cells




At 10 days of age, no significant differences were
found in GFAP staining between the twitchers and nor-
mals. Astrocytes, glia limitans, and Bergmann fibers
were stained as in normals. There were also some GFAP-
positive radiating fibers in the cerebral cortex (Figure
7). On Day 15 astrocytic processes became slightly
thicker in the white matter of the spinal cord and the
medulla. The number of GFAP-positive astrocytes in
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Figure 4-GFAP immunohistochemical staining of longitudinal sections of sciatic nerves from normal (a) and twitcher (b) mice at 40 days of age. Positive
cells with elongated or spindle-shaped cytoplasm are seen in both, but in larger numbers in the twitcher. Some of the positive cells are forming cellular
chains. (Hematoxylin counterstain, x 720)
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Figure 5-GFAP immunohistochemical
staining of transverse sections of sciatic
nerves from normal (a) and twitcher (b)
mice at 25 days of age. Positive cells are
seen in both, but are more numerous in the
twitcher. c-Higher magnification of b.
Positive cells are not associated with my-
elinated axons. a and b, no counterstain,
x 128; c, hematoxylin-eosin counterstain,
x 1800)
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Figure 6-GFAP immunohistochemical staining of a trigeminal ganglion in normal (a) and twitcher (b) mice at 40 days of age. Although only one ganglion
cell is associated with positive satellite cells (arrow) in the normal, almost all ganglion cells are surrounded by positive satellite cells in the twitcher.
Positive cells with spindle-shaped cytoplasm are also seen. (Hematoxylin counterstain, x 450)
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the spinal cord gray matter was also slightly increased.
Changes in the cerebrum and cerebellum were equivo-
cal on Day 15, but became obvious on Day 20, when
astrocytes were increased in number and staining in-
tensity. These changes in the cerebral cortex occurred
first in the lateral aspect and spread later to the medial
aspect. After 30 days the entire spinal cord, medulla,
and cerebrum and the granular layer and white matter
of the cerebellum showed numerous astrocytes with
thick cellular processes (Figures lb, 2b, and 3b). The
most striking differences from normal in GFAP stain-
ing were observed in the gray matter of the spinal cord,
medulla, and cerebrum and the granular cell layer of
the cerebellum.
Contrary to these changes in astrocytes, the Berg-
mann glia in the twitcher showed no significant increase
in the number of stained fibers or intensity of the stain-
ing (Figure 2b). The radiating fibers in the cerebral cor-
tex regressed as in normals after 15 days and showed
no significant differences from the normal.
PNS
Even at 10 days there were many GFAP-positive cells
in the sciatic nerve of the twitcher. Their number in-
creased in older animals. On cross and longitudinal sec-
tions they were morphologically similar to the GFAP-
positive cells in the normal sciatic nerve. However, the
staining was more intense and positive cells were more
numerous in the twitcher (Figure 4b). Observation at
a higher magnification indicated that the positive cells
in the twitcher also had no association with myelinated
axons (Figure 4c).
A few GFAP-positive satellite cells were present in the
trigeminal ganglia of 10-day-old twitchers. After Day
15 the number of positive cells increased rapidly. After
Day 30 almost all of the ganglion cells were surrounded
by GFAP-positive satellite cells (Figure 6b).
Immunoelectron Microscopy
Higher concentrations of the fixatives, 1lo parafor-
maldehyde and 0.1% glutaraldehyde, gave better pres-
ervation of the ultrastructure without reduction in in-
tensity of immunostaining. Both in twitchers and
normals unmyelinated Schwann cells were stained. The
intensity of the staining, however, was variable. Posi-
tive staining, confined to the cytoplasm, appeared
granular in cross sections and threadlike in longitudi-
nal sections. In addition, there were many thin, tortu-
ous, and elongated processes in twitchers, which sur-
rounded a small number of isolated unmyelinated axons
(Figure 8a). A connection between such a process and
a cell body was occasionally found (Figure 8b). These
Figure 7-GFAP immunohistochemical staining of the cerebral cortex of
a 10-day-old twitcher. Many fine fibers are found radiating from near the
corpus callosum to the cortical surface. (No counterstain, x 180)
processes were also positively stained. In these struc-
tures, staining in the cytoplasm was unevenly dis-
tributed. There was no positive staining in the Schwann
cells associated with myelinated axons, in vascular en-
dothelial cells, or in infiltrating macrophages. Some pos-
sibly uncommitted Schwann cells showed faint stain-
ing, although the less than ideal fixation made cell
identification difficult.
Biochemical Analysis
Filament preparations from the brain stem and spi-
nal cord of normal, carrier, and twitcher mice were
Vol. 125 * No. 2




Figure 8-GFAP immunoelectronmicroscopic staining of the sciatic nerve of a 44-day-old twitcher. a-Several processes of unmyelinated Schwann
cells reveal positive reactions in the cytoplasm. Two Schwann cells associated with myelinated axons are not stained. b-A connection of an elon-
gated process to the cell body of an unmyelinated Schwann cell is clearly demonstrated. The staining in the cytoplasm is not evenly distributed. (No
electronstain~~~~~~~~~~Fx 17 600)
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Figure 9-Polyacrylamide gel analysis of CNS fila-
ments. Filaments were prepared as described in
Materials and Methods, dissolved in 400 pi of 1%
SDS. Approximately 15 gg of protein from each
smaple was analyzed. Lane 1, normal brainstem;
Lane 2, carrier brainstem; Lane 3, twitcher (#1)
brainstem; Lane 4, twitcher (#2) brainstem; Lane
5, normal spinal cord; Lane 6, carrier spinal cord;
Lane 7, twitcher (#1) spinal cord; Lane 8, twitcher
(#2) spinal cord. Arrows on Lane 8 indicate the po-
sitions of, from top to bottom, NF70, vimentin, and
GFAP.
resolved by gel electrophoresis (Figure 9). To our knowl-
edge, this is the first time that filaments from the mouse
brainstem were analyzed. A filament preparation from
mouse white matter, pooled from the pons, medulla,
and rostral spinal cord, has been described by Brown
and co-workers.42 The paucity of GFAP, relative to
NF70, in the normal brainstem was unexpected and fur-
ther dramatized the increase of GFAP in the twitcher
brainstem (Table 1). In the twitcher brainstem and spi-
nal cord, the content of GFAP was several times that
of normal and carrier mice (Table 2). A similar increase
of vimentin was also evident. We have not examined
enough animals to make a meaningful interpretation
of the apparently larger increases in vimentin than those
in GFAP (Table 1 and 2). Furthermore, the origin of
vimentin is uncertain, unlike that of GFAP. Some of
the vimentin might be astrocytic; some certainly was
in macrophages.
Immunoblots of CNS filament preparations against
a monoclonal anti-GFAP antibody confirmed the rel-
ative increase of GFAP in the twitcher (Figure 10). The
50-kd protein was the only immunoreactive species in
these preparations,38 in contrast to the immunoblots
of PNS filaments as shown below.
The GFAP reactivity in the twitcher PNS was stud-
ied by immunoblots with both monoclonal and poly-
clonal sera. Because of differences in the size of sciatic
nerves- the twitcher nerve was much thicker than the
normal nerve- GFAP reactivity was measured on a per-
nerve basis. When equal portions of filaments were
probed with the monoclonal serum, a 50-kd band which
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Table 1-Ratio of Major Filament Proteins in the CNS
Brain stem Spinal cord
GFAP/NF70 Vimentin/NF70 GFAP/NF70 Vimentin/NF70
Normal (2) 0.4 0.1 1.1 0.2
Carrier (1) 0.3 0.1 1.0 0.2
Twitcher (3) 2.0 0.7 3.0 0.9
Filament preparations were resolved on sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), scanned, and quantitated as described.
The ratios were calculated from the weights of paper under the peaks of individual proteins within any one tracing. Each filament prepration was analyzed
in at least two separate lanes on the gel. Each lane was scanned twice. All values presented here are therefore calculated from the averages of four
measurements per animal. The numbers in parentheses indicate the number of animal actually used per group.
staining in the twitcher over that in the preparations
from normal and carrier mice (Figure lla). Low-
molecular weight materials also showed elevated stain-
ing in the twitcher. Similar observations were made with
a polyclonal serum (Figure lib). Diffuse stainings in the
70-75-kd region, seen in all filament preparations and
purified GFAP, were probably nonspecific.
In preliminary measurements of GFAP in twitcher
nerves, we compared GFAP-reactive bands from cyto-
skeletal fraction with known GFAP standards on im-
munoblots. We found 200-250 jg GFAP/50 gg cyto-
skeletal protein. In normal nerves, GFAP-reactive bands
were estimated to be less than 25 gg/50 ig of cytoskele-
tal protein, which is the minimal detectable level by our
method.
Discussion
In the CNS of normal mice, GFAP-positive cells were
well-identified on Day 10 both in the gray and white
matter. The astrocytic framework in the cervical spinal
cord, glia limitans, and Bergmann glial fibers showed
some maturation with age. However, neocortical astro-
cytes, which possessed delicate cellular processes,
showed no significant differences in the staining pat-
tern and intensity between 10 and 40 days. These im-
munohistochemical findings of normal mice on GFAP
staining were similar to those shown by previous
studies.43-45
Radiating fibers in the cerebral cortex appeared to
represent the radial glia. The radial glia have been
reported to be GFAP-positive in primates during cer-
tain embryonic periods,46 47 but GFAP-negative in ro-
dents.48-50 However, in agreement with Woodhams et
al,51 we observed positive staining of the radial glia in
the neocortex of postnatal mice. In our study the radial
glia, which were prominent in the parietal cortex on Day
10, regressed with increasing age. However, they were
still recognized with their short fibers in the deeper cor-
tex on Days 30 and 40.
In the twitcher, expression of GFAP was markedly
enhanced both in the CNS and PNS. The developmen-
tal change occurred earlier in the PNS than in the CNS.
This mutant mouse had a genetic defect in galactosyl-
ceramidase,31 which is the cause of the derangement of
myelin-forming cells and demyelination in the CNS and
PNS.52-55 However, early myelination was normal52'56
and demyelination became evident only after Day 12
in the sciatic nerve52 and after Day 25 in the spinal
cord.54 Therefore, the present data indicate that the in-
creased expression of GFAP became apparent shortly
before the morphologic evidence of demyelination both
in the CNS and the PNS. Also, the chronologic and
topographic changes in the GFAP expression coincided
Table 2-Relative Content of Major Filament Proteins in CNS
Brain stem Spinal cord
GFAP Vimentin NF70 Total protein GFAP Vimentin NF70 Total protein
Normal 98 35 283 0.36 mg 192 28 176 0.48 mg
Carrier 103 37 302 0.48 mg 175 37 184 0.60 mg
Twitcher 1 484 183 308 0.44 mg 407 117 138 0.24 mg
Twitcher 2 364 178 168 0.36 mg 443 127 162 0.40 mg
Filament preparations were each dissolved in 400 pli of 1% SDS. Aliquots were resolved on gel electrophoresis, stained with Coomassie blue, and
scanned by densitometry. Since all samples were analyzed on one gel, dye binding was uniform, and valid comparison may be made among different
samples. The peaks at GFAP, vimentin, and NF70 were excised and the paper weighed. The weight of each tracing, when calculated to the original
volume of 400 pl, thus represented the relative content, based on dye binding, of that protein per animal (in brain stem or spinal cord). The capacity
to bind dye may differ among the filament proteins; but when only one protein, such as GFAP, was considered the amount of dye bound was proportional
to the content of that protein. Aliquots of filament preparations were also measured for total protein, and these values are included to indicate the differ-
ences between samples. The total proteins were not used, however, in the estimation of the relative content of each filament protein here. The carrier,
Twitcher 1, and Twitcher 2 were littermates.
AJP * November 1986
Vol. 125 * No. 2
Figure 10-Immunoblot of CNS filaments.
Filament preparations, containing 1.5 tgg to-
tal protein each (except for the GFAP stan-
dard), were resolved on polyacrylamide gel,
transferred to nitrocellulose paper and
probed with a monoclonal anti-GFAP serum
at 1 :1000 dilution for 16 hours at room tem-
perature. Lane 1, normal brainstem; Lane
2, carrier brainstem; Lane 3, twitcher (#1)
brainstem; Lane 4, twitcher (#2) brainstem;
Lane 5, normal spinal cord; Lane 6, carrier
spinal cord; Lane 7, twitcher (#1) spinal
cord; Lane 8, twitcher (#2) spinal cord; Lane
9, purified mouse GFAP standard, 0.2 gg
protein.
quite well with those of the infiltration of macrophages.
Our previous study57 showed that the infiltration of
monocytic macrophages was noted in the sciatic nerve
on Day 10, in the spinal cord and medulla on Day 15,
and in the cerebrum on Day 20 and that the lateral part
of the cortex is one of the preferential sites of macro-
phage infiltration after Day 25.
In the CNS, increased expression of GFAP was seen
in the astrocytes both in the gray and the white matter.
The developmental change in the white matter consisted
of an increase in the number and thickness of stained
astrocytic processes. In the gray matter, where very few
GFAP-positive astrocytes were seen in 10-day-old
twitchers, numerous GFAP-positive stellate-shaped as-
trocytes appeared in older ones. Therefore, the change
looked more conspicuous in the gray matter. Although
GLD is often looked upon as "a disease of the white
matter," so far as the possible factor(s) which might in-
duce the astrocytic reaction are concerned, it is not
limited to the white matter.
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Increased expression of GFAP in astrocytes is a well-
known phenomenon in many pathologic conditions in
man2 -46 and experimental animals, 1-6 but the mecha-
nism of this astrocytic reaction is not well understood.58
The reactive changes of astrocytes appear to take place
rather quickly. Amaducci and co-workers10 observed
increased immunostaining of GFAP in the astrocytes
adjacent to a cryogenic lesion within 30 minutes. Smith
and co-workers"I also observed astrocytes with increased
GFAP immunostaining in the spinal cord of the rat with
EAE. They observed the increased reactivity first in the
white matter and later in the gray matter. It is not clear,
however, whether the increased reactivity is correlated
with an increase of synthesis or net accumulation of
GFAP.59 On the other hand, increases in GFAP con-
tent have been demonstrated in chronic EAE. 12.60
Some GFAP-positive cells were observed in the sciatic
nerve of normal mice. They had oval or elliptical nuclei
and elongated or spindle-shaped cytoplasm. They were
not associated with myelinated axons. In immunoelec-
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Figure 11-Immunoblots of filaments from sciatic nerve. Filament preparations from sciatic nerves were dissolved in 200 gl of 1% SDS each, and 30
p1 (per lane) was analyzed on gels, transferred to nitrocellulose membrane, and probed with (a) monoclonal antiserum at 1:500 dilution, incubated for
16 hours at room temperature, and (b) polyclonal antiserum at 1:500 dilution, incubated for 2 hours at room temperature. Protein samples on a and
b were identical: Lane 1, normal nerve; Lane 2, carrier nerve; Lane 3, twitcher (#1) nerve; Lane 4, twitcher (#2) nerve; Lane 5, 6, and 7, purified GFAP
standards at 0.2, 1.0, and 2.0 pg protein, respectively. Each lane represents an equivalent amount on a per-nerve basis.
tronmicroscopy these positive cells were shown to be
unmyelinated Schwann cells. In twitchers, as noted in
Figures 4b, 5b, and 5c, the number of GFAP-positive
cells was significantly increased. Immunoelectron-
microscopy revealed an increased number of GFAP-
positive cellular processes of unmyelinated Schwann
cells.
There are three possible explanations for the observed
increase in GFAP-positive cells in the sciatic nerve of
the twitcher. The first is a real increase in the number
of unmyelinated Schwann cells possibly with an increase
in the number of unmyelinated axons. Schlaepfer and
Prensky6l showed that similar numbers of unmyelinated
axons were present per unit area of the sciatic nerves
of patients with GLD and a control. Taking into ac-
count the enlargement of peripheral nerves in this dis-
ease, this may support the first possibility. We also ob-
served some elongated Schwann cell processes, which
were not seen in normals.
The second explanation is an increased detection due
to the increased expression of GFAP in the twitcher.
In normal animals only a limited number of unmyeli-
nated Schwann cells may express GFAP to the level de-
tectable by the present method. In twitchers a larger
number of unmyelinated Schwann cells may become
activated and thus detectable. Increased GFAP as shown
in immunoblots may support this possibility.
The third explanation is an involvement of uncom-
mitted Schwann cells. These cells are known to develop
in chronic demyelination-remyelination cycles. We
could not get a definite answer to this question from
the present immunoelectronmicroscopic study, because
the staining of possible uncommitted Schwann cells was
faint and because the suboptimal fixation made distinc-
tion between uncommitted Schwann cells and Schwann
cells with a small number of thin unmyelinated axons
difficult. Any combination of the above three possibil-
ities may operate.
Increased numbers of GFAP-positive cells were
reported in the peripheral nerves with Wallerian de-
generation,2",62 and they were suggested to be the un-
committed Schwann cells of Bungner bands,62 although
this is still controversial.22
While our data clearly establish that the increased
GFAP reactivity in the twitcher nerve resides in the
cytoplasm of unmyelinated Schwann cells and that the
50-kd, GFAP-like protein also shows increased stain-
ing in the immunoblots, the most visible stains in the
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immunoblots are low-molecular-weight proteins.
Whether these proteins are the major reactive compo-
nents in the nerve is not clear, because the intensity on
immunoblots depends on such factors as the efficiency
of protein transfer from the gel. It is unlikely that these
proteins are histones, because the same low-molecular-
weight materials from normal nerves and from normal
and twitcher CNS filaments are not stained. Note that
endothelial cells and infiltrating macrophages are also
negative. Further experiments are needed to identify
these proteins. Degradation products ofGFAP or chro-
matins that have developed GFAP antigenicity are
among the possibilities one may consider.
In their study on the peripheral glia, Jessen et al24' 25
stated that expression of GFAP was weak in the dorsal
root ganglion of the rat and that positive cells were
found only in older animals. This was also the case with
the trigeminal ganglion of the normal mouse. Rare
GFAP-positive satellite cells were noted only in the 40-
day-old mice. In the twitcher a few positive satellite cells
were noted even on Day 10, and the number of positive
cells increased with age. After Day 30, all the ganglion
cells were surrounded by GFAP-positive cells. So far
there seem to be no reports on the increased expression
of GFAP in the satellite cells. This may be a response
to some environmental stimulus(i) or to some signal(s)
from the ganglion cells which can be affected by the
disease process.
Biochemical analyses of filament preparations from
both the CNS and PNS tissues confirmed the observed
increases of GFAP immunoreactivity. We could not,
however, measure changes in the absolute level ofGFAP
for two reasons. First, the amount of tissue available
from one animal is very small, and the number of
twitcher mice in any one litter is limited. Second, the
twitcher tissues, especially the nerves, differ significantly
in size from the tissues of normal mice. Common
denominators for comparing the expression of a specific
protein, such as the total protein or DNA contents, were
therefore impractical in this study, although prelimi-
nary measurements suggested a large increase ofGFAP
per unit cytoskeletal protein. We have instead resorted
to comparing the ratios of the major filament protins-
GFAP, vimentin, and NF70- within each sample. While
any significant change of neurofilament content would
change the values in Table 1, both the ratios of vimen-
tin to NF70 and GFAP to NF70 would be affected to
the same extent within any one sample. Furthermore,
each ratio was calculated from a single tracing. Varia-
tions in staining and in protein loading from one gel
to another were circumvented. It was therefore possi-
ble to examine a larger number of samples than that
described in Table 2. We do not know, however, to what
extent the neurofilament content is affected. The ratios
in Table 1 alone would be inadequate to demonstrate
increases of GFAP in twitchers. Therefore, we also es-
timated the relative contents of each protein per ani-
mal, based on dye-binding, as shown in Table 2. Such
preliminary estimates of vimentin and GFAP contents
per animal generally supported the finding of large in-
creases in these two proteins in the CNS of the twitcher
mouse.
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